Abstract-We are developing a system to provide isolated power to the filament power supply of an x-ray tube located at a potential of several hundred kilovolts. In this design a fiber-optically connected Photonic Power System (PPS) is used to recharge a lithium-ion battery pack, which will subsequently supply power to the rest of the system. This paper evaluates the suitability for using the commercially available JDSU Photonic Power System for charging Li-Ion batteries. The output of the PPC converter is characterized. The technical aspects of its use for charging a variety of Li-Ion batteries are discussed. Battery charge protection requirements and safety concerns are also addressed.
I. INTRODUCTION
A challenge commonly faced by the pulsed power practitioner is the need to supply power to components that are floating at a high potential. In our case we are required to supply power to the filament of a pulsed X-ray tube, which is at a potential of several hundred kilovolts. Our solution to this challenge is to use a fiber-optically connected Photonic Power System (PPS) to recharge a lithium-ion battery pack (Li-Ion) which will subsequently supply power to the system. The PPS system as shown in figure 1 is a compact system consisting of: a solid-state laser Photonic Power Module (PPM) that provides a source of laser energy, a Photonic Power Converter (PPC) which is the fiber-optic based laser power receiver, and a fiber-optic cable that connects the two [1] [2] [3] [4] [5] . The transmission of power over the nonconducting fiber-optic cable permits the X-ray tube subsystems to operate at high voltage while isolating these subsystem components from ground. Use of the optically isolated PPS to supply power and additional optical data interfacing techniques, for control and diagnostics, provides the opportunity to construct a highvoltage system that has no metallic interface cabling.
The JDSU Photonic Power System delivers electrical power utilizing a fiber optic cable instead of copper wire. Some important benefits of fiber optic interconnected systems are; imperviousness to electric and magnetic fields, RF interference, EM pulses, as well as the reduction of emissions from the isolated device. The elimination of any metallic interconnections provides for an inherently safer system than copper wire when used with high voltages. For long distance interconnected systems there is a significant weight reduction compared to copper interconnections. Figure 2 shows the block diagram of the fiber optically isolated battery charging sub-system and the X-ray tube operational control interfaces. The JDSU Photonic Power Converter and battery charging portion of this system consists of off the shelf components and provides a relatively simple way to provide electrical power through a high voltage isolated power transfer link. The X-ray tube and its fiber optically coupled control system is being designed and built to LANL specifications. In addition to the photonic power components we have included protection circuitry to ensure the Li-Ion batteries are properly protected during the charge and discharge cycles. Li-Ion batteries are very sensitive to proper charging and discharging conditions and if improperly performed could result in explosive destruction to the battery cells, equipment circuitry and possibly resulting is damage due to a metallic fire. The basic function of the battery circuitry is to power the filament, standby/operate controls, high voltage focus electrode bias control, and provide feedback and diagnostic information to the control Central Processing Unit (CPU). All signals for the X-ray tube are fiber optically coupled to provide for power conversion, control and 
II. PPS, OUTPUT CHARACTERIZATION
The PPS system is built around a PPM-1W diode laser module providing 1W of laser output power that is converted to 0.5W of electric power by the PPC receiving device with 0.5W excess heat being dissipated by the receiver. Figure 3 illustrates the circuit diagrams used for evaluating the components of the PPS to determine the output power characteristics. The operating characteristics of two PPCs were studied to determine which of the devices would most closely match the recharge requirements of the Li-Ion batteries under consideration. The PPC devices evaluated were a PPC-6E operating at 6VDC/100mA and the PPC-12E operating at 12V DC/45mA. schematic diagram of the PPC-6E converter, battery charging protection circuit, and one 3.6V Li-Ion cell, with voltage and current measurement points indicated for these components during the charge cycle. The Li-Ion batteries and protection circuits tested are products of BatterySpace.com/ AA Portable Power Corp. [6] and are available as individual components or pre-packaged battery stacks including built in protection circuitry. To make the battery stack comparisons uniform the same type of single cell is used for all of the multi-cell stack tests with the appropriate protection circuit to accommodate the different battery voltages. The part number and characteristics of the 3.6V cell and protection circuits used in these tests is listed in Table 1 . For a single cell or battery stack, the maximum voltage required to fully charge each Li-Ion cell is fixed at 4.35V +/-0.025V per cell requiring a peak output voltage from the photonic converters of at least these listed peak voltage values, as determined by the number of cells stacked. As indicated by the arrows of figure 7 are the required charge voltages for one, two and three cell battery stacks, at 4.2V, 8.4V, and 12.6V respectively. For the PPC-6E the peak voltage and peak power are ideally suited for charging a single Li-Ion cell at 4.2V, whereas, cell stacks of two or more would require use of the PPC-12E. However, for the PPC-12E its output values at maximum power are not as well suited for either a two cell battery at a peak voltage of 8.4V or a 3 cell stack at 12.6V. The PPC-12E can fully charge a two battery pack, even if not at optimum power, but can not provide the peak voltage required for a three battery stack. The operating characteristics of the two PPCs tested imply that the most efficient charging system would incorporate the PPC-6E with a single 3.6V cell due to the close matching of its peak power and the peak voltage required by the cell. Charging values for voltage and current are plotted in figure 8 as a function of time. Charging current begins at an initial value of zero and rises to a level determined by the output of the PPC-6E. The variations of the source current are due to the fluctuations in the temperature of the PPC caused by room temperature drift. The sensitivity of the PPC output power to the device's operating temperature requires proper attention to heat dissipation in order to stay below the required 38°C maximum temperature.
The voltage across the battery during charge does not start at zero volts as expected for a fully discharged battery due to the over discharge protection circuitry. As an operational protection for the Li-Ion cell the voltage is never permitted to discharge below 2.4V. The value of the battery voltage at the beginning of the charge cycle is approximately 3.6V due to the cells internal voltage recovery. As shown in figure 11 we have devised a scheme to use the PPS, at its optimum load power, to charge two 3.6V lithiumion cells in parallel, located at the high voltage potential. A relay driven 3.6V to 7.2V Marx voltage converter permits the batteries to discharge at 7.2V, 2A as required by our load. Use of this power conversion and energy storage technique can provide fully isolated electrical power to systems operating at high voltage potentials with no metallic interconnects to degrade the standoff potential and also to provide high noise isolation for low noise critical applications. Considering the unique method of power transfer from the Photonic Power Converters and high current requirements of voltage isolated systems the ability to recharge high energy density Li-Ion batteries with this technique provides an alternative to supplying power using metallic interconnects.
